We describe a three-dimensional magnetic twisting device that is useful in characterizing the mechanical properties of cells. With the use of three pairs of orthogonally aligned coils, oscillatory mechanical torque was applied to magnetic beads about any chosen axis. Frequencies up to 1 kHz could be attained. Cell deformation was measured in response to torque applied via an RGD-coated, surface-bound magnetic bead. In both unpatterned and micropatterned elongated cells on extracellular matrix, the mechanical stiffness transverse to the long axis of the cell was less than half that parallel to the long axis. Elongated cells on poly-L-lysine lost stress fibers and exhibited little mechanical anisotropy; disrupting the actin cytoskeleton or decreasing cytoskeletal tension substantially decreased the anisotropy. These results suggest that mechanical anisotropy originates from intrinsic cytoskeletal tension within the stress fibers. Deformation patterns of the cytoskeleton and the nucleolus were sensitive to loading direction, suggesting anisotropic mechanical signaling. This technology may be useful for elucidating the structural basis of mechanotransduction. cytoskeleton; prestress; stress fibers; mechanotransduction; mechanical deformation LIVING CELLS AND TISSUES experience mechanical and chemical stimuli that are critical to their functioning. The mechanisms by which the cell responds to mechanical stimuli are less well understood than those of chemical stimuli (15, 18) . This report describes the initial stages in characterizing how a cell responds to mechanical loads applied in different directions. A high ratio of length to width is critical for generating forces when striated muscle cells and smooth muscle cells contract, and cell polarity is also important for migration of nonmuscle cells (28). The formation of directed protrusions from elongated cells is crucial in neural tube development (7). At the subcellular level, individual cytoskeletal filaments, which define cell shape, have a length-to-width ratio greater than 10-100:1 (16). The cytoskeletal lattice is a complex, dynamic network with interacting filaments oriented in many different directions (19), but the extent to which living, adherent cells are mechanically anisotropic is unknown.
probe microscopes, and optical traps (1, 4, 6, 8, 9, 13, 27, 32) . Magnetic particles attached to the cell surface can be manipulated using magnetic field gradients (2, 5) , and the manipulations can include linear or oscillating forces or torques involving rotation of up to 90° (34, 35) . The magnetic and optical approaches are among the most versatile because the probes can be coated with specific ligands and a wide range of force amplitudes and frequencies can be applied; they have been useful in characterizing the rheological properties of cells and the pathways by which cells transduce forces (2, 3, 10, 11, 17, 20, 21, 34 -37) . All of these approaches are limited, however, in the range of motions that can be used to apply force; therefore, they are not ideally suited to characterize the mechanical anisotropy of the cell.
MATERIALS AND METHODS
Cell culture. Human airway smooth muscle cells were serum deprived for 24 h and cultured on ligand-coated dishes overnight in serum-free medium according to previously published methods (37) . Ferrimagnetic beads of 4.5-m, 6-m, or 200-nm diameter were used: the first two sizes of beads were produced in our laboratory, and the 200-nm beads were obtained from Polysciences (Warrington, PA). Superparamagnetic beads of 4.5-m diameter were obtained from Dynal (Oslo, Norway). These paramagnetic particles do not retain any remnant magnetization. Yellow fluorescent protein (YFP)-actin, YFPcytochrome c oxidase (in mitochondria), and green fluorescent protein (GFP)-caldesmon were transiently transfected into the cells according to previously published methods (17, 36) . The magnetic beads were coated with saturated amounts of Arg-Gly-Asp (RGD)-containing peptides. This protocol induced a firm focal adhesion surrounding the bead. Binding specificity and magnetic moments were determined according to previously published methods (35) .
Three-dimensional magnetic device. Our three-dimensional (3-D) magnetic twisting cytometer contains the following seven components: 1) a high-voltage generator for generating the current in the coils used to magnetize the magnetic particles, 2) three separate bipolar current sources to twist the particles, 3) a personal computer to control the twisting, 4) an inverted microscope to observe the sample, 5) a charge-coupled device camera using self-written software to synchronize image capture with oscillatory magnetic fields, 6) a temperature controller for living cells, and 7) a microscope insert (see Fig. 6 in the APPENDIX).
To assess surface deformation induced by the rotating bead, the rotation-induced lateral movement of the bead center synchronized with the input torque was determined as the bead displacement using an intensity-weighted center-of-mass algorithm (11) . Displacements of the cytoskeleton (CSK) and the nucleolus were quantified using a synchronous detection method (17) . These displacements were phase-locked with the sinusoidal mechanical input at a given frequency. The cells were maintained at 37°C during the experiments.
To estimate noise associated with the microscope stage, we determined the rigid body displacement by quantifying movements of a magnetic bead embedded in epoxy in the absence of an external load: at 125 ms/frame, the standard deviation of x displacement was 1.3 Ϯ 0.02 nm and that of y displacement was 1.1 Ϯ 0.1 nm (means Ϯ SE). Thermal noise was ϳ10 nm in living cells for YFP mitochondria or the nucleolus. Taking advantage of the periodicity of the sinusoidal inputs, we averaged 5-10 cycles of images of data to improve the signal-to-noise ratio for the YFP mitochondria and the nucleolus. The noise floor was reduced to ϳ4 nm after averaging nine cycles of images and all load-induced displacements were synchronized with the frequency of the applied load at 0.3125 Hz (see Fig. 8 in the APPENDIX). The signal-to-noise ratio Ͻ2:1 for the YFP mitochondria or Ͻ1:1 for the nucleolus and 4 nm were chosen as the cutoff values (see Fig. 5 ).
Because the computer requires 120 ms to capture and store each 60 ϫ 60-m image, the heterodyning approach was used for Ͼ1 Hz to take advantage of the periodic feature of sinusoidal loading; e.g., only one image was obtained every 220 ms (1 cycle ϩ 1 ⁄10 cycle) for the 5 Hz case and every 121.1 ms (121 cycles ϩ 1 ⁄10 cycle) for the 10 Hz case. The camera-triggering time was synchronized with loading input and 10 images were obtained, resulting in a 36°rotation between successive images for all frequencies.
Micropatterning technique. Polydimethylsiloxane (PDMS) membranes were made using photolithography according to procedures described previously (25) . Briefly, PDMS membranes with the same area (ϳ2,500 m 2 ) holes but different shapes were fabricated: either 56-m diameter circles, or 125 ϫ 20-m and 156 ϫ 16-m rectangles (length-to-width ratios of 6.25 and 9.75, respectively; normal airway smooth muscle cell length-to-width ratio is Ͼ6:1). We coated the plastic dishes with extracellular matrix (ECM) molecules (type 1 collagen, 40 g/ml) or poly-L-lysine (40 g/ml) through the holes of the membranes sealed onto the dishes overnight and then lifted off the membrane. After blocking the rest of the dish area with 1% BSA, we plated cells sparsely overnight. Single cells that assumed circular or rectangular shapes of the same area were used for obtaining mechanical measurements.
RESULTS AND DISCUSSION
We describe a system that can rotate a magnetic bead along any axis. We call this device a 3-D magnetic twisting cytometer, or 3-D MTC. This device uses pairs of coils oriented along three orthogonal axes and controls the amplitude, frequency, and phase in each pair independently ( Fig. 1A ; see also Fig. 6 in the APPENDIX). Each pair of coils is capable of producing a homogeneous magnetic field in its axial direction, with a nearly zero radial component and negligible field gradients over the diameter of the coil (see Fig. 7 in the APPENDIX). Thus, in its rotational mode, it can generate pure torque with no linear component of force. The device can magnetize beads with a moment vector M by applying a strong, short magnetic pulse [ϳ1,000 G (0.1 Tesla) for ϳ0.5 ms] via any coil pair. Subsequently, it can apply a weak twisting field vector B via another coil pair (0 -25 G, too weak to remagnetize the beads) to generate a torque T on the beads with complete orientational freedom of vectors M and B.
Continuous rotation of magnetic beads about any axis. After 4.5-m ferrimagnetic beads were magnetized in the y direction by applying a strong magnetic pulse via the y coil pair, the beads were continuously rotated clockwise about the z-axis (i.e., in the x-y plane) by simultaneously applying two sinusoidal fields of 25 G (2.5 mT) at 0.5 Hz in both x and y with a 90°p hase lag (Fig. 1B, top row) . Smaller (200 nm) beads were also rotated in this manner (data not shown). A pair of superparamagnetic beads rotated at 5 Hz by simply applying a sinusoidal alternating current field; it was not necessary to magnetize the pair before twisting them (Fig. 1B, second row) . The magnetic beads could rotate at frequencies up to 1,000 Hz (Fig. 1B, third  row) . The direction of rotation was easily changed from clockwise to counterclockwise by switching the 90°phase lag in the y direction to a 90°phase lead. Similarly, the beads could also be rotated about the y-axis by magnetizing the bead, first along the x-axis and then by simultaneously applying alternating current fields in the z and x directions with a 90°phase lag or lead. By simultaneously applying fields in all three directions After magnetization in the y direction, bead rotation was achieved by simultaneously applying a sinusoidal twisting field in the x and y directions with a 90°phase lag in y. Magnetic field amplitude was 25 G, and specific torque was 45 Pa. Second row from top: pair of 4.5-m superparamagnetic beads rotated completely in response to the same x-y field combination at 5 Hz without magnetization (10-ms camera exposure time). Third row from top: pair of 6-m ferrimagnetic beads rotated at 1,000 Hz (50-s camera exposure time). Bottom row: adherent spread cell bound to a 5-bead aggregate was rotated at 5 Hz, possibly after adhesion sites were broken by the applied torque. Magnification, ϫ200 in top, second, and bottom rows and ϫ400 in third row.
with appropriate phase lags, more complex patterns of bead rotation were achieved (data not shown). An adherent cell bound to an RGD-coated bead aggregate was rotated at 5 Hz (Fig. 1B , bottom row), possibly after adhesion contacts were broken by the applied torque. Our results also suggest that, when they are bound to a magnetic bead, molecules (e.g., DNA) and cellular structures (e.g., flagella) may be rotated about any axis at high speed.
Mechanical anisotropy depends on stress fiber orientation and cytoskeletal tension. We examined the relationship between the direction of mechanical loads applied to an elongated cell and the structure of the CSK. We applied an oscillating torque (45 Pa at 0.83 Hz, a physiological load that produced an average cellular surface deformation ϳ0.15 Ϯ 0.03 m) to a single RGD-coated spherical bead attached to the apical surface of human airway smooth muscle cells via integrin receptors in two different ways: 1) the bead was magnetized (M) in the x direction, and a twisting field B was applied in the z direction: this combination of fields induced a torque T about the y-axis (T y ) ( Fig. 2A, left bead) ; and 2) the bead was magnetized in the y direction, and a twisting field was applied in the z direction: this combination induced a torque T about the x-axis (T x ) ( Fig. 2A, right bead) .
When the applied torque T y and the long axis of the cell were parallel (i.e., in the y direction), the principal direction of motion of the bead was perpendicular to the long axis of the cell. The displacement was approximately twofold that observed in a corresponding experiment in which the axis of torque T x was perpendicular to the long axis (Fig. 2B , shaded bars). In contrast, when the long axis of the cell was perpendicular to the applied torque T y , the displacement of the bead was greater in response to T x than to T y (Fig. 2B) . Using a loading frequency of 0.3 Hz produced similar results. These experiments indicate that, for a given torque, it was easier to deform the cell by rotating the bead perpendicular to the long axis of the cell than by rotating it parallel to the long axis. Furthermore, these data suggest that the mechanical stiffness of an elongated smooth muscle cell depends on the direction of the load relative to the long axis of the cell. The mechanical anisotropic behavior of these cells represents substantial departures from the cell model of isotropic viscoelasticity (14) and is also distinct from the cellular behavior of mechanical heterogeneity (2, 27) .
We hypothesized that the structure of the CSK might influence mechanical anisotropy. To test this hypothesis, we disrupted the F-actin in the CSK of the cells using two different drugs: latrunculin A (Fig. 2C ) and cytochalasin D (Fig. 2C) . Within 3 min of adding the drug to the medium, and in the absence of changes in cell shape, exposure to either drug resulted in greatly increased displacements of the bead (at constant magnetic torque) and almost completely abolished mechanical anisotropy (Fig. 2C) . These data suggest that Factin is involved in determining the mechanical anisotropy.
To control the projected area and shape of the cell and to explore further the underlying origin of the observed mechanical anisotropy, we plated cells on micropatterned islands having the same area (ϳ2,500 m 2 , an area chosen on the basis of normal projected areas of smooth muscle cells), but with different shapes and different length-to-width aspect ratios. We applied a constant magnetic torque to a magnetic bead and measured the displacement both parallel and perpendicular to the long axis of these patterned cells. We define the "anisotropy index" as the ratio of stiffness, that is, the specific torque (torque per bead volume or apparent stress) divided by dis- Fig. 2 . Cell deformation in response to torque applied about different axes. A: schematic of a torque applied to a cell along 2 different directions. Left bead (not drawn to scale) rotated in the x-z plane (curved double arrow, not to scale) in response to Ty (dashed arrows) generated by a twisting field B in z after magnetization M in x. Right bead rotated in the y-z plane (curved double arrow, not to scale) in response to Tx (dashed arrows) generated by a twisting field B in z after magnetization M in y. B: data from normal untreated smooth muscle cells plated on collagen-1-coated dishes. The cell's long axis was positioned along the x direction (solid bars, n ϭ 25 cells; P Ͻ 0.000006) or along the y direction (shaded bars, n ϭ 17 cells; P Ͻ 0.02). Solid dots represent a magnetic bead inside a cell (not drawn to scale); double arrows represent bead rotation directions. All t-tests are paired tests of displacements in 2 different directions. C: data from cells after drug treatments. LaT, latrunculin A (1 M for 3 min) (n ϭ 12 cells; P Ͼ 0.08, not significantly different); CytoD, cytochalasin D (1 g/ml for 3 min) (n ϭ 14 cells; P Ͼ 0.44, not significantly different). Note that displacements increased greatly, indicating that cell stiffness decreased dramatically. placement along the long axis of the cell to the stiffness transverse to the long axis of the cell. An index of 1.0 indicates that the mechanical response is isotropic. The cells plated on ECM-coated rectangular islands ( Fig. 3B ; aspect ratio 9:1) had anisotropic mechanical behavior, because the deformation was twice as large when the bead rotated across (i.e., transverse to) the long axis of the cell than when the bead rotated along (i.e., parallel to) the long axis (Fig. 3A) . The anisotropy index was 2.1 Ϯ 0.3 (P Ͻ 0.007 vs. isotropy or index of 1.0) and similar to that of unpatterned, natural cells, which was 2.0 Ϯ 0.2 (P Ͻ 0.00003 vs. isotropy) (Fig. 4) . In contrast, the stiffness of the cells plated on circular islands of ECM ( Fig. 3C ; aspect ratio 1:1) did not depend on the direction of the applied torque and thus exhibited no mechanical anisotropy (Fig. 3A) . These results are consistent with recent results at our laboratory demonstrating deep cytoskeletal anisotropy detected by differential phase lags in x vs. y directions (17) , with a recent report showing that cyclically strained adherent cells are stiffer along the long axis (33) , and with the finding of an anisotropic strain in the erythrocyte cortical CSK in response to a large deformation (22) . It remains to be seen, however, to what degree these smooth muscle cells in a 3-D culture environment and other elongated nonmuscle cells (e.g., endothelial cells and epithelial cells) exhibit mechanical anisotropy.
When cells were plated on micropatterned rectangular islands coated with poly-L-lysine instead of ECM, the anisotropy index decreased to 1.2 Ϯ 0.1 (P Ͼ 0.07), which is not significantly different from 1.0 or the isotropic case (Fig. 4) , even though the shapes and surface areas of the cells were indistinguishable from those on ECM (compare Fig. 3 , D with 
E).
Because cells plated on dishes coated with poly-L-lysine lose focal adhesions and stress fibers and/or actin bundles (24) (Fig. 3E) , these data suggest that the presence of stress fibers and/or actin bundles (Fig. 3D) , inherently oriented along the long axis of the cell, and not the elongated cell shape per se, is responsible for the mechanical anisotropy. We further quantified stress fiber orientation relative to the long axis of the cell in YFP-actin-transfected, unpatterned, elongated cells plated on ECM. We found that 78.5% of the stress fibers and/or actin bundles were oriented 0 -10°relative to the long axis of the cell, 16.7% were oriented 15-25°, and 4.8% were aligned Ͼ30°[accuracy was approximately Ϯ2.5°, n ϭ 12 cells, 15.5 Ϯ 2.4 (mean Ϯ SE) stress fibers per basal focal plane per cell]. The hypothesis that stress fibers oriented along the long axis are responsible for mechanical anisotropy is compatible with the observation that disrupting the network of actin filaments in the CSK with latrunculin A or cytochalasin D, without changing the shape of the cell, decreased the anisotropy index to 1.4 Ϯ 0.1 (P Ͻ 0.01 vs. isotropy) and 1.2 Ϯ 0.1 Fig. 2A ). E and I: displacement maps of the CSK (E) and of the nucleolus (I) in response to the same torque applied along the x direction (see Fig. 2B ). F, G, J, and K: displacement maps of the CSK (F and G) and of the nucleolus (J and K) in response to torques applied simultaneously along 3 axes (all at 45 Pa and 0.83 Hz) with different phase lags (x ϭ 0°, y ϭ 90°, and z ϭ 0°in F and J; x ϭ 0°, y ϭ 90°, and z ϭ 90°in G and K; the bead was magnetized in the y direction in both cases). Color represents the magnitude, and small white arrows represent the direction, of the displacements. The distance between the bead front edge to the proximal end of the nucleolus is 11.8 m. Pink arrow represents the position (not to scale in the nucleolar displacement maps) and direction of the bead center movement. Note that the patterns of the maps are quite different for different loading directions. Compare D with E, H with I, F with G, and J with K, although the load magnitude and frequency remained constant for each pair. Repeated applications of the same torque along the same direction did not result in changes in displacement patterns. Three other cells also exhibited altered patterns of displacement of the CSK and of the nucleolus in response to different loading directions. (P Ͼ 0.1 vs. isotropy, not significantly different from 1.0), respectively, for elongated cells on ECM (Fig. 2C, Fig. 4) .
Recently, researchers at our laboratory have shown that endogenous cytoskeletal tension (i.e., prestress) dictates cell stiffness (36, 37) . To test further the hypothesis that the tension in the stress fibers and/or actin bundles along the long axis of the cell contributes to the mechanical anisotropy of the cell, we transfected caldesmon into the cell. Caldesmon decreases cytoskeletal tension by inhibiting the interaction between actin and myosin (24) . Transfecting a low level of caldesmon into the cell decreased cytoskeletal tension by 50% without altering the shape of the cell, the distribution of focal adhesions, or stress fibers (17, 24) . Interestingly, these cells also exhibited lower mechanical anisotropy than the wild type; the anisotropy index decreased from 2.1 to 1.6 Ϯ 0.1 (P Ͻ 0.0005 vs. isotropy). This difference represents a 45% decrease in anisotropy (a 100% decrease in anisotropy would be equivalent to an anisotropy index of 1.0) (Fig. 3A, open bars; Fig. 4) .
We note that decreasing the cytoskeletal tension by overexpressing caldesmon and abolishing stress fibers by plating the cells on poly-L-lysine decreased the anisotropy index from ϳ2 toward 1 (i.e., isotropy) while decreasing stiffness by a factor of 3 in micropatterned cells (Fig. 4) . Similarly, when the CSK was disrupted with drugs, there was a shift from anisotropy toward isotropy, a threefold decrease in stiffness after treating the cells with latrunculin A, and a Ͼ10-fold decrease in stiffness after treatment with cytochalasin D in unpatterned cells (Fig. 4) . These observations suggest that the common structural origin of mechanical anisotropy in these living cells is the preferential orientation of stress fibers and/or actin bundles along the long axis of the cell.
Anisotropic mechanical signaling to the CSK and to the nucleolus. To explore further the utility of 3-D MTC in intracellular mechanical signaling, using a recently developed synchronous detection method (17), we mapped the cytoskeletal displacement field of an elongated cell ( Fig. 5A ) with transfected YFP-mitochondria as fiducial markers (17, 36) (Fig. 5B) . The load-induced displacement patterns of the CSK were quite different in response to the applied torque of the same magnitude and frequency, but along different directions (compare Fig. 5D in response to T y with Fig. 5E in response to T x ). Interestingly, when a more complex load was applied with all three oscillatory twisting fields switched on simultaneously with different phase lags (x ϭ 0°, y ϭ 90°, z ϭ 0°in Fig. 5F , or x ϭ 0°, y ϭ 90°, z ϭ 90°in Fig. 5G, respectively) , distinctly different displacement patterns emerged (compare Fig. 5F with Fig. 5G ). All of these results demonstrate that spatial distributions of the cytoskeletal deformation depend on not only on the magnitude and frequency but also the direction of loading.
We next mapped the displacements of the nucleolus, an intranuclear organelle crucial for ribosomal RNA synthesis (31) , in response to the load applied at the cell surface. The nucleolus of an interphase cell is visible under phase-contrast microscopy without staining or GFP (Fig. 5C ). The displacement map within the nucleolus varied with the loading direction: changing the torque direction by 90°(from T y in Fig. 5H   Fig. 7 . Contour plots of axial field component (left) and radial field component (right) generated by 1 pair of coils at 1-A current. The coils are at left and right sides of the diagram; i.e., the magnetic axis is horizontal. A circular region of 16-mm diameter is shown, grid spacing is 1 mm, and magnetic induction is given in mT. Note that the axial field has a nearly uniform 1-mT field, whereas the radial field is nearly 0. to T x in Fig. 5I ) drastically altered displacement patterns of the nucleolus. Applying a complex load, with all three twisting fields switched on simultaneously with different phase lags, led to dramatically different nucleolar displacement maps (compare Fig. 5J with Fig. 5K ): concentrated displacements occurred at different sites and pointed in various directions within the nucleolus, demonstrating different intranucleolar deformation patterns. These results suggest that physiological loads applied at the cell surface might be able to regulate and control nuclear functions directly (e.g., synthesis of ribosomal RNA) via the structural pathways of the CSK and the nuclear matrix. The specific biological responses of the nucleus may therefore depend on the direction of mechanical loading. This result, together with the result of cytoskeletal deformation, extends the previous finding of Maniotis et al. (23) and demonstrates that small but physiologically relevant surface deformation applied via integrin receptors along different directions can elicit different mechanical deformation patterns deep in the cytoplasm and in the nucleus.
In summary, we demonstrate that elongated adherent cells exhibit intrinsic mechanical anisotropy. This anisotropy may originate in the prestress residing in stress fibers and/or actin bundles oriented preferentially along the long axis of the cell. We also show that intracellular deformation patterns of the CSK and the nucleolus are sensitive to directions of loading. Much of the current research on the mechanics of the cell focuses on elucidating mechanotransduction pathways at the cell surface and especially in elucidating the role of focal adhesions (12, 29) . Our results regarding intracellular anisotropic mechanical signaling suggest that load direction-dependent direct mechanotransduction may also occur deep in the cytoplasm and inside the nucleus via the structural pathways of the CSK and within the nucleus (17, 23) . We think that this new mechanical loading device will be a valuable tool for probing mechanisms of mechanotransduction when used in combination with single live cell biochemical assays (30, 38) .
APPENDIX
The microscope insert consists of a set of three pairs of coils arranged at right angles around the sample site (Fig. 6 ). The insert with its three pairs of coils thus defines a spatial coordinate system with Cartesian coordinate system of x, y, and z axes. The x-and y-axes lie in the plane of the microscope stage, and the z-axis coincides with the optical axis of the microscope. Each coil pair can be used for both magnetization and twisting. The coils are 51 mm in diameter, grouped into three pairs, and separated by 70 mm in distance. This is an approximation of the Helmholtz configuration: each pair of coils produces a nearly homogeneous magnetic field in its axial direction within the small field of view of the microscope (Fig. 7) . Thus nearly pure torque with negligible lateral force was applied to the magnetic beads, owing to negligible magnetic field gradient (Fig. 7) . The coils have 100 turns, each of which leads to inductance of 1.43 mH per pair and a central plane magnetic induction of 1 mT (10 G) per ampere of current. To magnetize the bead, a 16-F capacitor is charged by a high-voltage generator up to 2.7 kV. The resulting magnetizing pulse is ϳ470 s and has an amplitude of up to 285 mT (2.8 kG). The voltage compliance is 40 V bipolar. This value gives a maximum rate of current change of 28 kA/s with the 1.43 mH inductance of the coil pairs. This protocol allows for the generation of 2.2-A peak sinusoidal current at a frequency up to 2 kHz.
